How melanoma acquire a metastatic phenotype is a key issue. One possible mechanism is that metastasis is driven by microenvironment-induced switching between non-invasive and invasive states. However, whether switching is a reversible or hierarchical process is not known and is difficult to assess by comparison of primary and metastatic tumours. We address this issue in a model of melanoma metastasis using a novel intravital imaging method for melanosomes combined with a reporter construct in which the Brn-2 promoter drives GFP expression. A subpopulation of cells containing little or no pigment and high levels of Brn2::GFP expression are motile in the primary tumour and enter the vasculature. Significantly, the less differentiated state of motile and intravasated cells is not maintained at secondary sites, implying switching between states as melanoma cells metastasize. We show that melanoma cells can switch in both directions between high and low pigment states. However, switching from Brn2::GFP high to low was greatly favoured over the reverse direction. Microarray analysis of high and low pigment populations revealed that TGFβ2 was up-regulated in the poorly pigmented cells. Furthermore, TGFβ signalling induced hypo-pigmentation and increased cell motility. Thus, a subset of less differentiated cells exits the primary tumour but subsequently give rise to metastases that include a range of more differentiated and pigment producing cells. These data demonstrate reversible phenotype switching during melanoma metastasis
Introduction
Melanoma is a type of skin cancer arising from the aberrant proliferation of melanocytes. Once melanoma begins to spread the prognosis deteriorates (1) . Melanocytes originate from a sub-population of neural crest cells called melanoblasts (2) . During development, melanoblasts migrate through the embryo. Melanoblasts stop migrating when they reach the skin and reside in the lower levels of the epidermis or in the dermis, depending on species, and differentiate to melanocytes (3) . The differentiation of melanoblasts to mature melanocytes is associated with down-regulation of the transcription factor Brn-2/POU3F, which represses the transcription factor MITF (4) . MITF is a key regulator of melanocyte function and high levels of MITF activity promote melanogenesis (5) (6) (7) . Melanogenesis occurs in organelles called melanosomes. Specifically, pigment is produced in stage 3 and 4 melanosomes prior to being exported. However, the level of pigment produced is not the same for all melanocytes and is controlled by a range of genetic and environmental factors (3) . While MITF promotes pigment production it suppress invasion (8, 9) . Conversely, Brn-2, which represses MITF, can promote invasion in vitro (4) . Brn-2 expressing subpopulations of cells can be found within melanoma (4) . However, the behaviour and stability of Brn-2 expressing cells in vivo is not known.
Two models to account for melanoma metastasis can be envisaged. Firstly, acquisition of pro-metastatic genetic changes, such as NEDD9 amplification (10) , could lead to a more invasive phenotype. This model predicts that metastases would have a genetic signature different from the majority of cells in the primary tumour (1, 11) . Alternatively, metastasis may be driven by epigenetic events that could be reversible. This is supported by the observations of Hoek and colleagues (12) . These changes may be initiated by signals originating in the tumour microenvironment that need not necessarily be maintained at secondary sites. Definitive proof that reversible phenotype switching occurs during metastasis is difficult to obtain by comparison of primary and metastatic tumours. Therefore, we used live imaging of a melanoma model to directly analyze motile cells escaping from the primary tumour and those that have entered the blood. The results reveal that disseminating cells are poorly pigmented and express high levels of the Brn2-GFP reporter. However, this phenotype can be reversed at metastatic sites.
Materials and Methods
Cell culture B16F2 and B-RafV600E melanoma cells (called 4599 (13) ) were cultured in DMEM with 10% foetal calf serum.
Pigmentation experiments
B16F2 or 4599 cells were stimulated or inhibited with 2μg/ml αMSH (Calbiochem 05-23-0751), 10μM H89 (Sigma), 1ng/ml TGFβ1 (Peprotech 100-21C) or 1ng/ml TGFβ2 (R&D Biosystems 302-B2) for 48 hours.
Imaging techniques
In vitro-A ZeissLSM510META confocal microscope with a femto-second pulsed TiSapphire laser was used. Pigment was imaged using transmitted-light without phase-contrast or NIRVE signal was captured by exciting the cells with NIR wavelengths between 700-850nm and collecting visible light emission. To determine the emission spectrum between 385-680nm a ZeissMETA detector was used. Analysis of cell migration speed was carried out by tracking phase-contrast movies of B16F2 cells plated on collagen/matrigel gels and treated with α-MSH, TGFβ1 or TGFβ2 for 24h hours prior to imaging. Tracks were calculated using Metamorph (Molecular Devices) and Mathematica (Wolfram) software.
In vivo-Mouse procedures were carried out in accordance with PPL70/6164. Depending on availability either C57/BL6 or Nude mice were injected sub-cutaneously with 10 6 B16-GFP, B16-GFP-CAAX or B16-mRFP-CAAX Brn2::GFP cells. Intravital imaging was carried out on anaethetised mice with tumours using a ZeissLSM510 confocal microscope. An incision was made in the skin to expose the tumour. The animal was placed on a heated stage. Tumour areas were imaged for 20 minutes at 30-60 sec intervals. Collagen fibres were visualised by second harmonic signals (410-450nm), pigment was imaged at 565-615nm and 635-680nm following excitation at 850nm (~20mW power at objective). GFP-CAAX was imaged at 500-550nm following excitation with either a 488nm laser or 850nm; excitation using the later wavelength also resulted in signal being detected from NIRVE. To obtain cells from the circulation, vessels draining from the tumour were cut and were allowed to drain onto a cover-slip for one minute. PBS was then added to dilute the sample before analysis for GFP positive melanoma cells. Details of quantification are given in supplementary information. For analysis of sorted Brn2::GFP high and low and pigment high and low populations 10 6 cells were injected into the tail vein of C57/BL6 mice. Lung colonies were imaged after 11-12 days.
Flow cytometry
Analysis was carried out on an FACS Aria cell sorter (Becton Dickinson). Details of FACS settings are provided in supplementary information.
Microarray
RNA was extracted from B16F2 cells sorted from tumours by FACS using RNAeasy mini kit (QIAGEN). Microarray analysis was carried out by the Paterson Institute using Affymetrix chips (MOE430 2.0).
Immune fluorescence
Frozen sections of B16 tumours were fixed in 4% PFA, followed by 0.2% TritonX-100 and blocking with 5%BSA. Anti-F4/80 (Abcam #6640) was used to detect macrophages. Pigment was imaged as described above.
Further details of imaging methods are available on request.
Results

Intravital imaging of a melanoma model
B16F2 melanoma cells can enter the vasculature and spread to the lymphatic system and lungs. To learn more about this process we performed intravital imaging of these tumours. B16F2 cells were engineered to express GFP before sub-cutaneous injection into mice. Tumour imaging was performed using single photon excitation at several locations with high resolution for 20 minute periods. Only a fraction of cells were motile in the primary tumour (Figure1A and Movie1 -Figure1Aiii shows overlaid images of three times points in red, green and blue. Non-motile cells appear white -the composite colour generated from red, green and blue. Motile cells are seen by the separation of the colours). Motile cells moved with speeds ranging from 0.2-5μm/min and had irregular, rounded and rapidly changing morphology (Figure1B and Movie1). Non-motile cells had a diverse array of shapes ranging from amorphous to some with extended 'dendritic' morphologies that were never observed in motile cells. We speculated that the motile sub-population of cells observed in the melanoma model might have an altered differentiation status compared to the non-motile population.
Visualisation of pigment in melanoma cells and melanocytes following near infra-red excitation
Pigment containing melanosomes can be identified by imaging cells with transmitted light (Figure 2A ). However, this method can not be applied in live tumours. During our tumour imaging we noticed a vesicular pattern of light emission from pigment producing B16 tumours following illumination with NIR wavelengths. We speculated that this could originate from pigment containing vesicles. Figure 2A shows a remarkable correlation between these signals and transmitted light imaging of melanosomes. Visible light was emitted across a broad spectrum of visible wavelengths following NIR illumination between 700-900nm (Figure2A right hand panels). We will use the abbreviation NIRVE (Near InfraRed Visible Emission) to describe this unexpected phenomenon. Correlative analysis of NIRVE signal with transmission electron microscopy of the same cells revealed that NIRVE signal originated from stage 3 and 4 melanosomes (orange and red*), which contain melanin, but not stage 2 melanosomes, which do not contain pigment (Figure2B). Treating B16F2 cells with either H89 or α-MSH, to inhibit PKA-dependent melanogenesis or stimulate melanin production, respectively, caused corresponding changes in NIRVE signal (Figure2C). NIRVE signal could also be detected in another melanoma culture, 4599, but not in breast cancer cells (Supplementary Figure1A) . Imaging of mouse skin demonstrated that NIRVE signal is also detected in hair and around the base of some hair follicles, which is where melanocytes are located (Figure2D and Movie 2 for animation through z-sections) ( 14, 15) . As further demonstration of the utility of this method, we found that NIRVE signal is also detected in formalin fixed paraffin embedded human melanoma samples (Supplementary Figure1B) . Together these data show that NIRVE emission is a novel and specific means of imaging melanin pigment that can be widely applied to image tissues in situ.
Motile cells in vivo lack pigment
Figure3A shows that pigment could also be imaged in B16F2 tumours in vivo and was usually in puncta near at the cell periphery, which was defined by GFP-CAAX expression. Timelapse analysis revealed that the NIRVE signal was dynamic (Movie3), possibly as result of melanosome movement. Immuno-histochemistry revealed that some NIRVE signal could also be found within melanoma associated macrophages, which are known to take up melanin (13, 14) , but not breast tumour associated macrophages (Supplementary Figure1C). Cells were also collected from the vasculature and imaged: these cells also had significantly less pigment than non-motile cells in the primary tumour.
Despite finding that the motile cells in the primary tumour contained a low level of pigment, spontaneous secondary metastatic tumours were highly pigmented (for example in the draining lymph nodes -Figure3Di). Furthermore, experimental lung metastases were also pigmented. This was confirmed by analysis of NIRVE signal at metastatic locations (Figure3C&Di), although some less pigmented cells were still present in metastases. These results suggested that the hypo-pigmentation of invasive melanoma cells could be a transient phenotype.
Brn2 promoter activity is upregulated in motile cells
A failure to produce pigment does not necessarily indicate a change in differentiation status. We therefore sought another method to investigate the differentiation status of the motile melanoma cells. Brn-2/POU3F2 expression is high in migratory melanoblasts in culture and decreases as melanocytes differentiate (16, 17) . To investigate the relationship between Brn-2 expression and melanoma dissemination we engineered B16 cells to contain the Brn-2 promoter driving the expression of GFP; these cells were also engineered to express mRFP-CAAX constitutively. Supplementary Figure 2 confirms that these cells down-regulate GFP expression in response to the pro-differentiation stimulus αMSH. Brn2::GFP was heterogeneously expressed in vivo (Figure4A). Furthermore, GFP levels were high in motile cells in vivo indicating elevated activity of the Brn-2 promoter (cells marked with yellow arrows). However, high levels of GFP expression were not sufficient to confer motility as not all GFP-positive cells were motile (marked with red arrows). We quantified the fluorescence intensity of GFP in numerous cells that were non-motile, motile, circulating or growing in the lungs. Figure4B shows a clear shift towards elevated Brn-2 promoter activity in the motile and circulating cells that is largely down-regulated in cells growing in the lungs. The data presented above suggest that Brn-2 promoter activity and pigment production should be inversely related. We investigated this by simultaneous imaging Brn-2 promoter driven GFP expression and NIRVE signal. Figures4C&D show that cells with high levels of pigment have low levels of Brn-2::GFP expression. Many cells had low levels of both indicating that there is not a simple inverse correlation between the two variables. Cells expressing high levels of Brn2::GFP generally had low levels of pigment although some cells expressed above average levels (upper right quadrant in Figure4D).
Switching between high and low pigment production and Brn2 expression states
The data outlined above indicate that melanoma cells in transit from primary to secondary sites have less differentiated characteristics that are only found in a subset of cells in primary tumours and metastases. This could be explained by reversible switching between states. Melanoma cells could reduce pigment production and elevate Brn2 expression as they exit primary tumours and reverse these changes when they have arrived at secondary locations. Another possibility is the switching between states is unidirectional. In this model high Brn2 low pigment cells can produce low Brn2 and high pigment progeny but not vice-versa. The heterogeneity at primary and metastatic sites would arise from the differentiation of the Brn2 high/pigment low cells. To test these contrasting possibilities we isolated either Brn2::GFP high and low or pigment high and low populations from primary tumours and re-introduced them into mice.
We developed a FACS method for sorting cells based on their level of pigment. We found a robust difference in light emitted around 450nm following excitation at 405nm between more pigmented α-MSH treated cells and less pigmented control cells or H89-treated cells, which contain almost no pigment (Figure5A, see also Figure1C). The most highly and least pigmented B16F2 cells were isolated from xenograft tumours based on 450-40 emission (Figure5Bi). These cells were then expanded in culture before injection into the tail vein of mice. After 11-12 days the lungs were analysed. Figure5B shows that a similar spectrum of pigment levels were observed in melanoma colonies derived from both pigment high and pigment low populations. These data demonstrate that switching can occur in both directions between high and low pigment production states.
We performed a similar series of experiments with cells sorted for levels of Brn2::GFP expression. Figure 5C shows that Brn2::GFP high cells produced colonies with both GFP positive and negative cells. This result indicates that Brn2 high cells can produce Brn2 low progeny. In contrast, Brn2::GFP low cells produced colonies with predominantly Brn2::GFP low cells and only very few Brn2::GFP high cells (marked with asterisk and inset panel in Figure5C) . These data indicate that switching from a Brn2 high state to a Brn2 low state is favoured over low to high switching. The number of melanoma colonies obtained with high and low pigment and Brn2::GFP high and low populations were equivalent (data not shown). 
Europe PMC Funders Author Manuscripts Europe PMC Funders Author Manuscripts
TGFβ2 is upregulated in cells lacking pigment
We next wished to investigate molecular differences between more and less pigmented cells that might explain the switching between high and low pigment states. We sorted pigment high and pigment low cells as described above and performed microarray analysis. Supplementary Table 1 lists the genes differentially regulated between the two cell populations. The green text indicates genes more highly expressed in the cells lacking pigment (this population contains the motile population observed in vivo). From the genes up-regulated in cells lacking pigment we chose to investigate the function of TGFβ2 further. TGFβ2 is extensively implicated in cancer progression and is also a target gene of TGFβ signalling (19) . Therefore, high TGFβ2 expression may indicate a positive feedback loop of TGFβ signalling in less pigmented melanoma cells. Consistent with this, we observed an inverse pattern of pigmentation and activation of TGFβ signalling as judged by pSmad3 staining (data not shown).
TGFβ signalling induces hypo-pigmentation and cell motility
We next tested whether TGFβ signalling could affect pigment levels. We found that both 
Discussion
Heterogeneity between cancer cells in the same tumour is a feature of many cancers. In the case of melanoma, distinct Brn2 and MITF expressing populations can be found in the same tumour (4) . It has been suggested that reversible changes in between cell states underlie metastatic behaviour. Melanoma cells can switch reversibly between more and less pigmented states (18) and inter-conversion between proliferative and invasive states has been reported in primary tumours (12) . However, it is unclear how changes in these states may relate to the various stages of melanoma dissemination, if changes in cell state are truly reversible and what factors may drive these changes. In this study we use intravital imaging to show transient changes in pigment production and differentiation status during the metastatic process.
Both primary tumours and metastases contain Brn2-high and -low cells and pigment-high and -low cells. Combined analysis of Brn2::GFP levels and NIRVE signal demonstrated that Brn2-high cells generally had lower levels of pigment than Brn2-low cells. Nonetheless, some Brn2-high cells had above average levels of pigment and many cells had low levels of both pigment and Brn2 expression (Figure4D). Our intravital imaging revealed that only Brn2-high/pigment-low cells were motile. Therefore it is the coincidence of elevated Brn2 with very low pigment levels that most closely correlates with motility. These traits are characteristics of less differentiated more melanoblast-like cells. For melanoma cells to become motile and begin disseminating a combination of conditions need to occur. Firstly, the cell must be in a Brn2-high state. However, Brn2 expression is not sufficient to completely suppress pigment production or induce motility in vivo. Therefore additional cues are required to further suppress levels of pigment and induce motility. Our microarray data and subsequent analysis demonstrate that TGFβ signalling is a prime candidate for this additional signal. Elevated levels of TGFβ ligands in the primary tumour could suppress pigment production and promote motility. However, these changes may not be maintained if TGFβ levels are low at secondary sites. TGFβ2 has previously been reported to be increased in metastatic melanoma (19) and is associated with a more invasive phenotype (9) . The inverse correlation between pigment and TGFβ signalling that we observe in tumours is consistent with previous reports that TGFβ antagonises MITF function and melanosome maturation (20, 21) . TGFβ signalling in the less differentiated disseminating melanoma cells may also promote mesenchymal characteristics and even stem cell traits (22) . Our microarray analysis shows that less pigmented cells have elevated levels of a mesoderm specific transcript. However, we did not find evidence for stem cell behaviours in our system. All the populations we describe have similar clonigenic potential both in vitro and in vivo (data not shown). This is consistent with a recent report that melanoma lacks a stem cell compartment(23). TGFβ did not promote Brn-2::GFP expression (data not shown). The factors that drive Brn2 expression in a subset of cells are unclear, but they could include B-Raf or β-catenin signalling (24, 25) .
Several features of this model have parallels in the normal physiology of melanoblasts and melanocytes. Firstly, less differentiated melanoblasts that are migratory during development. Differentiation is essentially an irreversible process and this may explain why we observe Brn2-low cells converting to Brn2-high cells with low frequency. Secondly, reversible transitions between high and low levels pigment production frequently occur in melanocytes: either to co-ordinate with the hair growth or to respond to UV exposure of the skin. In both cases TGFβ signalling is implicated in reducing pigment levels (21, 26) . However, in these cases TGFβ signalling does not cause cell motility, probably because the cells are well differentiated.
To conclude, both primary and metastatic melanoma contain a heterogeneous mix of more and less differentiated cells. Strikingly, actively disseminating cells are more uniform with low levels of pigment and high levels of Brn2 expression. However, neither of these traits is stable. Changes in pigment production are reversible and may be transiently induced by TGFβ signalling in the primary tumour. While, Brn2-high cells give rise to cells expressing low levels of Brn2 and high levels of pigment. Thus, although only a subset of less differentiated cells leave the primary tumour they re-differentiate at secondary sites. Numbers indicate digital analysis of pellet darkness. B) NIRVE (white -collected between 410-530nm following illumination at 790nm) and F-actin (red) merged images of B16F2 and 4599 mouse melanoma cells treated with αMSH for 24hrs and, where indicated TGFβ1 or TGFβ2 for 24 hours prior to α-MSH treatment are shown. Scale bar is 50μm. C) i) B16F2 cells plated on deformable collagen/matrigel matrix (cyan) and stained for F-actin (green) and DNA (red). Scale bar is 50μm. ii) Box plots of cell speeds in microns/hour taken from phase contrast movies of B16F2 cells plated on deformable collagen/matrigel matrix over 16 hour period.*indicates p<0.01 Mann-Whitney test.
